INTRODUCTION
Dissolved methane (CH 4 ) is ubiquitous in hot-spring fluids emanating from submarine hydrothermal vents, and a 46 potential carbon source for microbial communities living at and below the seafloor and in the water column. 47 Constraining sources of carbon (C) and hydrogen (H) for the production of CH 4 , as well as the depths, tempera-48 tures, and timescales at which CH 4 is generated in these hydrothermal systems, is critical for understanding the 49 origin of this form of hydrothermal carbon. The abundance and isotopic composition of CH 4 has been reported 50 for fluids venting at unsedimented mid-ocean ridges and off-axis locations (e.g., Welhan, 1988b high-CH 4 fluids emerge from mafic rock (Charlou et al., 2000) . 56 Several distinct geochemical processes have been proposed to account for the presence of abiotic CH 4 in subma-57 rine hydrothermal fluids. Some have proposed that CH 4 is formed by reduction of aqueous inorganic carbon (i.e., 58 ∑CO 2 ) during convective circulation of seawater-derived hydrothermal fluids in response to the highly reducing 59 conditions that result from alteration of ultramafic rock (serpentinization) (Charlou et al., 2002; Proskurowski et 60 al., 2008). Water-rock reactions during alteration of mafic rocks can also create sufficiently reducing conditions 61 to reduce CO 2 to CH 4 without serpentinization (Shock, 1990; Seyfried and Ding, 1995) , and is a possible source 62 of the low but significant CH 4 observed in mafic-hosted systems (Keir, 2010) . Others propose models involving 63 entrapment and respeciation of mantle-derived CO 2 to CH 4 (and possibly to graphite) within plutonic (gabbroic) 64 rocks of the oceanic crust (Kelley, 1996; Kelley, 1997; Kelley and Früh-Green, 1999), and subsequent extraction 65 of the CH 4 -rich trapped fluids during hydrothermal circulation . Leaching of basalt-66 hosted gas vesicles that contain CH 4 may also be a source of CH 4 in fluids venting at fast-spreading ridges such as 67 the East Pacific Rise Welhan, 1988a) . 68 To constrain the origin of CH 4 in unsedimented submarine hydrothermal systems, we determined the relative temperatures at which CH 4 synthesis occurs within oceanic crust has direct implications for the distribution and 82 availability of reduced carbon substrates and energy sources that may support a deep biosphere, as well as for the 83 transfer of mantle-derived carbon to Earth's surface. 84 The abundance of 13 CH 3 D relative to a random distribution of isotopes among the isotopologues (stochastic distri-116 bution) is tracked using the metric Δ 13 CH 3 D, which is defined as: Δ 13 CH 3 D = ln Q (or nearly equivalently, Q -1), 117 where Q is the reaction quotient of the isotope exchange reaction: Wang et al. (2015) , which is based on quantum chemical predictions for CH 4 isotopologues in the gas phase and 121 anchored by measurements of methane samples heated in the presence of platinum catalyst at temperatures be-122 tween 150 and 400 °C . 123 Bulk isotope values are reported herein using standard delta-notation, i.e., δ 13 C = ( 13 C/ 12 C) sample /( 13 C/ 12 C) VPDB 
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Results of stable carbon ( 13 C/ 12 C) and hydrogen (D/H) isotope ratio measurements are shown in Table 1 even more unfavorable with increasing temperature (Fig. 1A) . In all other vent fluids studied here, a thermody-356 namic drive for CH 4 synthesis is present at varying magnitudes (Fig. 6D) formed and attained isotopologue equilibrium independently of (outside) the circulating fluids, and later was en- volatiles from CO 2 to CH 4 (± graphite) as the melt-derived host rocks cooled to below 400 °C at redox conditions 400 near the FMQ buffer (fayalite-magnetite-quartz, Fig. 2A ; Kelley, 1996) . The above discussion shows that production of CH 4 within actively-circulating hydrothermal fluids is unlikely to 429 account for concentrations and isotopic signatures observed at several studied vent fields. Instead, our data are (Table   788 2). The isotopic compositions of ues across all studied vents (1.57 ± 0.28‰, n = 9). The × symbols mark measured vent temperatures (Table 2) . Table 2 ). Gray hatching represents thermodynamic equilibrium (taken as Δ r G = 0 ± 5 kJ/mol). East Summit, ratios of CH 4 isotopologues did not change during subsurface mixing (Table 1) . 12 CH 4 (g) + 13 CO 2 (g) ⇌ 13 CH 4 (g) + 12 CO 2 (g) (Horita, 2001 ). Data sources: (1) this study; (2) Reeves et al. 
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